Tissue Doppler imaging (TDI) enables assessment of velocities and timings within the left (LV) and the right (RV) ventricle with high temporal resolution. Knowledge on normal age-related values of peak systolic velocities and timings in healthy children may optimize the benefit of device-based therapies in paediatric patients with heart failure.
Introduction
Echocardiographic tissue Doppler imaging (TDI) enables the assessment of left (LV) and right (RV) ventricular mechanics by measuring myocardial velocities and time to peak myocardial velocities with high temporal resolution. The assessment of peak systolic velocities of the LV and RV myocardium with TDI is of incremental value to conventional echocardiography to assess global and regional ventricular performance in various clinical conditions. 1 -5 Furthermore, evaluation of the temporal occurrence of peak systolic velocities with TDI provides insight into electromechanical coupling and mechanical dyssynchrony. 6 TDI-derived peak velocities and time differences between peak systolic velocities within the myocardium of the LV and RV have been investigated in healthy children. 7 -9 However, the absolute timings within the LV and the RV have not been reported.
The advent of novel device-based therapies, such as cardiac resynchronization therapy (CRT), has encouraged the research on LV and RV mechanics with non-invasive imaging. Understanding LV and RV mechanics in healthy children may optimize the benefit of these therapies in patients with heart failure. Furthermore, in certain patients with congenital heart disease, the RV outflow tract (RVOT) mechanics have an influence on global RV performance. Abnormal RVOT mechanics have been related to RV failure and poor clinical outcome. However, the reference values of normal peak systolic velocities and timings at the RVOT in healthy children have not been evaluated. Accurate standardization of reference values of TDI velocities at the RVOT would help to understand the mechanisms underlying RV failure in patients with congenital heart disease. 5, 10, 11 Accordingly, the objectives of this evaluation were to assess peak systolic velocities, timings of peak systolic velocities, and intraventricular time differences with TDI in the LV and RV of healthy children. In addition, the age dependency of the peak systolic velocities, timings to peak systolic velocities, and intra-ventricular time differences in healthy children were investigated.
Methods

Study population
Healthy children of various ages (from 1 month to 18 years) were prospectively included in the current study. We did not include patients younger than 1 month since these young patients may still have an increased pulmonary pressure, which may interfere with the observed myocardial velocities. All subjects underwent transthoracic echocardiography and TDI. Conventional two-dimensional echocardiography confirmed structurally normal hearts. Peak systolic velocities and timings of peak systolic velocities at the LV and RV were assessed with TDI in all subjects. In addition, intra-ventricular time differences between the peak systolic velocities at the various LV and RV regions were calculated. Finally, the relationship between age and myocardial velocities, time to peak systolic velocity, and the intraventricular time differences were evaluated. The study protocol was approved by our hospital institutional review board. All participants or their parents gave written informed consent.
Echocardiography
Transthoracic echocardiography data were acquired using a commercially available system equipped with a 3.5 MHz transducer (Vivid-7.0.0, GE Vingmed Ultrasound AS, Horten, Norway). Standard two-dimensional grey-scale images were acquired from the parasternal (long-and short-axis) and apical views (four-chamber and long-axis) and digitally stored in cine-loop format. Pulsed-wave Doppler images Yellow region of interest is placed at the basal interventricular septum. Blue region of interest is placed at the basal lateral wall. From the corresponding velocity curves, the peak systolic velocity (vertical dotted arrow: peak systolic velocity at the inter-ventricular septum; vertical solid arrow: peak systolic velocity at the left ventricular lateral wall) and time to peak systolic velocity (horizontal dotted arrow: time to peak systolic velocity at the inter-ventricular septum; horizontal solid arrow: time to peak systolic velocity at the left ventricular lateral wall) can be derived. (B) Tissue Doppler images of the right ventricle. Yellow region of interest is placed at the basal free wall. From the corresponding velocity curve, the peak systolic velocity (vertical arrow) and time to peak systolic velocity (horizontal arrow) can be derived. (C) Tissue Doppler images of the right ventricular outflow tract. Yellow region of interest is placed at the septal side of the right ventricular outflow tract, just below the pulmonary valve. From the corresponding velocity curve, the peak systolic velocity (vertical arrow) and time to peak systolic velocity (horizontal arrow) can be derived. IVS, inter-ventricular septum; LV, left ventricle; PA, pulmonary artery; RV, right ventricle; RVOT, right ventricular outflow tract.
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were obtained at the level of the aortic and pulmonary valve. From these images, the time from the QRS onset to the flow onset through the valves was measured (pre-ejection interval). Subsequently, the inter-ventricular mechanical delay was assessed by calculating the difference between aortic and pulmonary pre-ejection intervals. Acquisition of TDI images was performed with adjusted sector width and angle to align the ultrasound beam along the direction of the myocardial motion. The colour frame rate was ≥120 frames/s, and at least three consecutive beats were recorded. Analyses were performed off-line using EchoPac version 108.1.5 (General Electric Medical Systems). Longitudinal myocardial velocity curves were obtained by placing regions of interest at the basal LV lateral wall ( Figure 1A) , basal inter-ventricular septum (IVS) ( Figure 1A) , and basal RV free wall (RVFW) ( Figure 1B) in the four-chamber view, and at the septal wall of the RVOT ( Figure 1C ) in a dedicated apical RVOT view, as previously reported. 5, 12 Semi-automated tissue tracking was used to maintain the region of interest within the sample area throughout the cardiac cycle. Peak systolic velocity was measured at all LV and RV regions. In addition, time from onset of the Q-wave of the ECG to peak systolic velocity was measured in all LV and RV basal segments. Finally, the LV intra-ventricular time difference was obtained by calculating the difference between time to peak systolic velocity at the basal LV lateral segment and at the basal part of the IVS. The RV intraventricular time difference was calculated by measuring the time delay in peak systolic velocities between the basal part of the IVS and RVFW and between the RVOT and basal RVFW. Intra-and inter-observer agreement of all peak velocities and timings of peak velocities was assessed in a blinded manner in 15 randomly chosen subjects. Peak velocity and time to peak velocity at the different LV and RV regions were reassessed by the same and by an independent observer.
Statistical analysis
Continuous variables are expressed as median and inter-quartile range (IQR). Categorical variables are presented as numbers and percentages. Linear regression analysis was performed to evaluate the relation between age and peak systolic velocities, timings of velocities, and time differences. In addition, 95% reference intervals for the linear regression models were calculated. Furthermore, the influence of gender on the peak systolic velocities and timings of peak systolic velocities was evaluated with linear regression analysis. Finally, intra-observer and inter-observer agreement was assessed by measuring the absolute difference between the repeated measurements in per cent of the mean, averaged over the study subjects and presented as mean + SD. Data were analysed using the SPSS 17.0 software (SPSS Inc, Chicago, IL, USA). A P-value of , 0.05 was considered statistically significant.
Results
Study population characteristics
A total of 123 healthy children (56% male) were included. The median age at echocardiography was 6.3 years (IQR: 3.3 -11.7 years) and children of all ages (1 month to 18 years) were represented in the present study. All subjects showed structurally normal hearts on echocardiography. The median heart rate during image acquisition was 90 min 21 (IQR: 72 -111 min
21
) and the median body surface area was 0.9 m 2 (IQR: 0.6 -1.3 m 2 ).
The median aortic pre-ejection time was 62 ms (IQR: 54 -70 ms).
The median pulmonary pre-ejection time was 55 ms (47 -64 ms). The inter-ventricular mechanical delay between aortic and pulmonary ejection was 6 ms (0 -12 ms). Gender did not significantly influence peak velocities and timing of peak systolic velocities at any of the studied regions. The obtained TDI images had sufficient image quality for analysis in all subjects.
Peak systolic velocities Table 1 summarizes the peak systolic velocities at the different LV and RV regions. The median peak systolic velocity at the LV lateral wall was 6.3 cm/s (IQR: 5.1 -7.9 cm/s). At the IVS, the peak systolic velocity was 6.0 cm/s (IQR: 5.4 -6.7 cm/s). At the RVFW, the median peak systolic velocity was 10.2 cm/s (IQR: 8.9-11.3 cm/s). Finally, the median peak systolic velocity at the RVOT was 7.2 cm/s (IQR: 6.0 -8.2 cm/s).
The results of the intra-observer and inter-observer agreement for the peak velocities were: LV lateral wall: intra-observer 7 + 6%, inter-observer 9 + 9%; IVS: intra-observer 6 + 5%, inter-observer 14 + 13%; RVFW: intra-observer 10 + 11%, inter-observer 17 + 14%; RVOT: intra-observer 7 + 6%, inter-observer 12 + 13%.
The results of the peak systolic velocities per age group (0-1 years, 2-5 years, 6 -10 years, 11 -15 years, and 16 -18 years old) are presented in Table 2 . Furthermore, the relation between age and peak systolic velocity was assessed. A significant relationship between age and peak systolic velocity measured at the LV lateral wall was observed (LV lateral wall: r ¼ 0.75, P , 0.001) (Figure 2) . At the IVS, this relationship, although modest, was also observed (IVS: r ¼ 0.54, P , 0.001) (Figure 2) . In contrast, the relationship between age and peak systolic velocity at the RVFW and at the RVOT was weak (RVFW: r ¼ 0.42, P , 0.001; RVOT: r ¼ 0.38, P , 0.001) (Figure 3 ).
Timings of peak systolic velocities
Timings of peak systolic velocities are summarized in Table 1 . The median time to peak systolic velocity at the LV lateral wall was 101 ms (IQR: 91-112 ms). At the IVS, the median time to peak systolic velocity was 114 ms (IQR: 100-128 ms). At the RVFW, the median time to peak systolic velocity was 177 ms (IQR: 157-194 ms). The peak systolic velocity at the RVOT occurred prior to that of the RVFW, at 100 ms (IQR: 88-113 ms).
The results of the intra-observer and inter-observer agreement for the timings of peak velocities were: LV lateral wall: intra-observer 5 + 4%, inter-observer 14 + 13%; IVS: intra-observer 6 + 5%, inter-observer 11 + 8%; RVFW: intra-observer 7 + 2%, interobserver 7 + 5%; RVOT: intra-observer 7 + 5%, inter-observer 9 + 6%.
The results of the timings to peak systolic velocities per age group are presented in Table 2 . Furthermore, the relation between age and time to peak systolic velocity was assessed. Time to peak systolic velocity at the LV lateral wall and IVS were significantly related with age (LV lateral wall: r ¼ 0.57, P , 0.001; IVS: r ¼ 0.41, P , 0.01) (Figure 4) . Similarly, time to peak systolic velocity at the RVFW and RVOT increased significantly along with age (RVFW: r ¼ 0.58, P , 0.001; RVOT: r ¼ 0.70, P , 0.001) ( Figure 5 ). Table 1 shows the median inter-ventricular time delays in the LV and RV in the healthy children. The median time delay between peak systolic velocity at the LV lateral wall and peak systolic velocity at the IVS was very small (median 10 ms, IQR: 0-20 ms).
Intra-ventricular time differences
In contrast, within the RV, the time difference between the IVS and the RVFW was 62 ms (IQR: 45 -75 ms), and the median time difference between the RVOT and the RVFW was 74 ms (IQR: 59-93 ms). The observed small intra-ventricular time difference within the LV did not change with age. At the RV, the time delay between the IVS and the RVFW showed a weak correlation with age (r ¼ 0.25, P , 0.001), whereas the time difference between the RVOT and the RVFW did not relate with age in the healthy subjects.
Discussion
The present study provides age-related values for peak systolic velocities and timings of peak systolic velocities as assessed with TDI at the basal segments of the LV, RV, and of the RVOT in healthy children. The results of the current study show that peak systolic velocities and time to peak systolic velocities increase with age in both ventricles. Furthermore, no intra-ventricular time differences between the basal LV lateral wall and the IVS are observed at any age, whereas within the RV, a considerable time delay is present between the basal IVS and the basal RVFW, and between the basal RVFW and the RVOT. Finally, the intra-ventricular time differences within RV did not show relevant changes with age in healthy children.
Peak systolic velocities
The assessment of peak systolic velocities with TDI provides a quantitative measure of ventricular systolic function. Several studies have demonstrated the value of TDI-derived peak systolic velocities to quantify regional LV and RV ventricular performance in adults with various clinical conditions. 1 -5 In paediatric patients, the assessment of peak systolic velocities has been shown to be a sensitive tool to detect myocardial dysfunction. 13, 14 The current study provides age-related normal values of peak systolic velocities at the basal LV lateral wall, basal RVFW, and at the RVOT with TDI. Peak velocities were highest at the basal RVFW (median 10.2 cm/s) and lowest at the LV lateral wall (median 6.0 cm/s). The observed pattern of different magnitudes of normal peak velocities among the basal LV lateral wall, basal IVS, and basal RV is in agreement with previous investigations in children. 5, 8, 9, 15 Furthermore, the observed normal peak velocities at the basal LV and RV increased significantly with age in the current study. This observation is in line with a previous study on the alterations of LV performance during cardiac maturation in healthy children. 16 Notomi et al. 16 assessed LV performance in 45 healthy controls by measuring rotational mechanics with TDI. In their study, LV performance increased significantly with age. Myocardial growth (volume and mass increase of the heart) and an age-related increase in blood pressure may lead to greater myocardial velocities during systole in order to maintain adequate cardiac output. However, other studies have reported weaker 9 or non-significant 8 relationships between TDI-derived peak velocities at the basal RV and LV and age in healthy children. Kapusta et al. 8 investigated age-related peak systolic velocities at the basal RFVW, IVS, and LV lateral wall in 160 healthy children and observed no significant changes with age. However, the healthy children included in the current study are younger that those included in the study of Kapusta et al. Furthermore, the age range of the healthy children included in the current study was greater. These differences may have resulted in a greater Tissue Doppler imaging in the left ventricle sensitivity to observe a statistical significant relation between age and myocardial velocities. The current report is the first to investigate normal values of peak systolic velocities at the RVOT. The peak systolic velocity at the RVOT was lower than the velocity at the RVFW and showed a significant increase with age. Comprehensive insight into normal values of peak systolic velocities at the RVOT is of interest to evaluate patients with congenital heart disease, specifically those with tetralogy of Fallot. 11, 17 Systolic dysfunction at the RVOT has been associated with reduced global performance of the RV. 11, 17 Accordingly, the observed normal values on the peak systolic velocity at the RVOT provide a framework for future studies on patients with congenital heart disease and RV failure.
Timing of peak systolic velocities and intra-ventricular time
The assessment of timings of peak systolic velocities with TDI yields insight into electromechanical coupling and possible mechanical dyssynchrony. CRT targets dyssynchrony in patients with LV failure by inducing a more synchronous contraction. In paediatric patients, no guidelines for patient selection for CRT are available at present. 18 -20 Knowledge on normal values of myocardial velocities, timings, and time differences within the LV as assessed with TDI could play an important role in defining appropriate recommendations for paediatric patients with LV failure who may benefit from CRT. However, a systematic description of the normal temporal occurrence of peak systolic velocities and time differences within the LV has not been previously reported in children. The present study provides insight into the normal electromechanical activation of the LV in children. With a median time difference of 10 ms between the time to peak velocity at the basal LV lateral wall and the basal IVS, no significant time delay within the LV was observed at any age. These normative data are in line with the results of previous studies including adult population, 15 and provide an empirical basis for future studies on LV dyssynchrony in paediatric candidates for CRT. The RV differs greatly from the LV in terms of anatomy and function. Accordingly, the mechanical activation pattern of the RV may be different from that of the LV. In the current investigation, a significant IVS-to-RVFW delay was observed in the healthy subjects, with a median time difference of 62 ms. Albeit substantially smaller, the presence of an IVS-to-RVFW delay was previously observed with TDI by Hui et al. 7 in a study on 98 healthy children. 7 Moreover, based on their observations, the authors proposed to consider as normal range any IVS-to-RVFW delay below 70 ms. Of note, within the LV, a time delay of 70 ms would indicate significant dyssynchrony. 21 In addition, in the present study, the intraventricular time difference between the basal RVFW and the RVOT was investigated, yielding a median intra-ventricular time delay of 74 ms. A previous study evaluating RV intra-ventricular timings assessed with TDI showed a similar activation pattern with a significant time delay between the RVOT and the RVFW in healthy adults. 5 In the present study, the observed intraventricular time differences within the RV did not show a relevant relationship with age. Accordingly, significant intra-ventricular time differences between the IVS and the RVFW and between the RVOT and the RVFW are present in children of any age. The presence of a mechanical delay within the RV may have important clinical implications. RV failure is common in paediatric patients with congenital heart disease, 22 -24 and the best therapeutic approach to RV failure remains incompletely elucidated. CRT has been evaluated as a novel therapy for patients with RV failure. 19, 25 However, despite one small study showing a beneficial effect of CRT on short-term RV performance, 25 the pathophysiological basis of CRT is the restoration of electromechanical dyssynchrony. With the observed mechanical delay within the healthy RV, this concept of resynchronization may not be applicable to the RV. The results of the present study, indicating a mechanical delay in the healthy RV, suggest that CRT settings should be adjusted in order to keep this physiological RV dyssynchronous contraction pattern. Future studies on RV mechanics, CRT, and the relation with RV performance are warranted.
Study limitations
The relatively small sample size of the study may constitute a limitation. Furthermore, the results of the present study were obtained with equipment from one vendor. A previous study demonstrated that for the assessment of myocardial velocities, different ultrasound systems from different vendors cannot be used interchangeably. 26 Accordingly, the presented normal physiological values should be interpreted with caution when using other equipment. Instead of TDI, speckle tracking strain analysis is increasingly used in clinical practice for evaluation of patients with heart failure who may benefit from CRT and early detection of subtle changes in myocardial performance. However, in the paediatric population, speckle tracking strain analysis has been less explored. The higher heart rates observed in small children may challenge the assessment of myocardial strain or even velocities with speckle tracking, a technique strongly dependent on frame rate. Therefore, for this population, TDI might be still preferable. However, additional studies using speckle tracking will confirm whether this technique provides the same results or not. On the other hand, the use of pulsed-wave TDI or colour-coded TDI may be debated. Pulsed-wave TDI enables the assessment of timings of peak systolic velocities with high temporal resolution and high reproducibility. However, pulsed-wave TDI can be only acquired from one position at a time, whereas with colour-coded TDI, multiple time traces from various regions can be generated from a single cine loop. Accordingly, the beat-to-beat variability of time to peak velocity measurements is minimized with colour TDI. Therefore, colour TDI may be a valuable imaging tool to assess various mechanical aspects of ventricular performance.
Conclusion
In conclusion, in the present study, normal physiological values are provided on LV and RV peak systolic velocities and timings of peak systolic velocities as assessed with TDI in healthy children. Within the LV, no relevant time differences were observed at any age. Within the RV of healthy children, an intrinsic time delay was observed, which has implications for future studies on devicebased therapies for RV failure.
